INTRODUCTION
The effects of nutrition on mammalian reproduction have been the subject of many reviews (eg, Blaxter, 1956; Lamming, 1969; Allden, 1970; Leathem, 1970; Dziuk and Bellows, 1983; Kemp and Den Hartog, 1989;  Lindsay et al, 1990) . The (Underwood and Somers, 1969;  Leathem, 1970; Short and Adams, 1988) but as these substances have been extensively reviewed elsewhere, they will not be considered in the present paper.
It is generally accepted that nutritional management is the main limiting or controlling factor for reproduction in many types of domestic livestock (Short and Adams, 1988) .
Since domestic ruminants in many parts of the world are grazed on pasture and are bred by natural service, the quality and quantity of the available feed, particularly in the period leading up to joining, are crucial for successful mating and subsequent fertilization. Pasture, however, is not always able to maintain a high rate of fertility in breeding stock due to seasonal changes in feed supply. Consequently, grazing animals encounter qualitative and quantitative deficiencies in the diet at some time each year, which can have marked effects on reproductive efficiency (Gunn etal, 1942) . Indeed, the seasonal variation in testis size and body weight of Merino rams grazing pastures in the Mediterranean environment in southwestern Australia is well documented, an effect that appears to be independent of photoperiod (Masters and Fels, 1984) . As testicular size has a positive correlation with the capacity to produce sperm (Oldham et al, 1978; Martin et al, 1987) , it is not surprising that seasonal variation in sperm production also occurs. However, in (Martin et al, 1989 ).
However, the exact mechanisms involved in the direct effects of different planes of nutrition on testis function, particularly in regard to the response of androgen target tissues such as the seminiferous tubules, remain elusive.
NUTRITIONAL STATES IN ANIMALS
Provided the intake is correct, an adequate diet is one in which the balance of nutrients in the diet will maintain normal health and function (J6chle and Larnond, 1980) . For domestic animals, such a diet is referred to as maintenance requirements and supports a condition of nitrogen and carbon equilibrium. On the other hand, production requirement is the amount of food needed to produce an increase in growth, milk or wool production, or an expected level of work for any individual animal (Tribe and Cumming, 1955) . Thus, the type and composition of the required end product is an important factor in determining the type of nutrients that must be supplied to the animal in food. Deficiencies in the quantity of food available, but not necessarily the quality, leads to undernutrition (Reid, 1990 (Ferrell, 1991) . In prepubertal life, the result of undernutrition is generally to retard sexual development, delay the time of onset of puberty, retard the appearance of the external genitalia and suppress spermatogenesis (Mason, 1939; Anderson, 1945; Spies, 1958; Bratton et al, 1959; Reid, 1960; Baronos et al, 1969; Leathem, 1970 (Mason, 1939) . Differentiation of the more mature germ cells may be inhibited (Siperstein, 1921; Jackson, 1932) , as was evidenced in young rats underfed from 3 weeks of age, in which spermatogenesis was arrested at the primary spermatocyte stage for up to 400 d (Siperstein, 1920 (Rattray, 1977) . An Harayama, 1990; Lang et al, 1992; Liu et al, 1992; Wang et al, 1992 (Niwa, 1954) . Severe underfeeding of young boars from 2-3 weeks of age for 1 yr (Dickerson et al, 1964) (Platt and Stewart, 1967) 
Bulls
In contrast to boars, the onset of puberty in bulls appears to be influenced more by body weight than by age (Allden, 1970; Dyrmundsson, 1973; Young, 1974; Rattray, 1977) . However, other findings indicate that body weight and age at puberty are influenced by level of nutrition and post-weaning rate of gain (see Ferrell, 1991) . In general, dairy and beef breeds maintained on low planes of nutrition (James, 1950; Davies ef al, 1957; Flipse and Almquist, 1961; VanDemark etal, 1960; Hiroe etal, 1964 ; Almquist, 1982; Gauthier and Berbigier, 1982) (Schilling and Krajnc, 1964; Young, 1974; see (Oltjen et al, 1971 ) . Indeed, earlier work on underfeeding young bulls (Baronos et al, 1969) showed that the content of non-protein nitrogen, vitamin A and carotene in the blood of the underfed animals was no different from that of the normal-fed controls, even though the concentrations of most of the free amino acids (13 out of 16) and glucose was reduced.
Experiments which involve reversing planes of nutrition have produced some controversial results. Increasing the plane of nutrition in former low-plane-fed bulls enhanced their sperm production which proceeded at a faster rate than their increase in body weight (James, 1950) . In contrast, VanDemark et al (1964) reported that refeeding bull calves for 1 yr with 100% TDN, that were previously fed a low-plane diet (60% TDN) from 8 weeks to 46 months of age had no effect on improving testis growth, semen volume or sperm production, despite the fact that during the period of refeeding, these animals grew to reach 90% of the mean body weight of the normal-fed controls. In previously protein-deficient yearling bulls, the return of the animals to an adequate diet for at least 6 weeks resulted in an increase in body weight, a recovery of normal secondary sex gland function as evidenced from their normal concentrations of fructose, citric acid and 5-nucleotidase activity and, although semen volume increased, the adequate diet did not induce an elevation in the concentration of spermatozoa (Watanabe et al, 1968; Leathem, 1970) .
Rams
An adequate plane of nutrition is also of vital importance for normal development of ram lambs and the rate of sexual development is highly dependent on the growth rate of the animal. As with bulls, growth and subsequent body weight appears to be a better guide to the onset of puberty in rams than age (Dunn, 1955; Watson ef al, 1956; Courot, 1962; Moule, 1970; Dyrmundsson, 1973; Rattray, 1977) . Depending on the breed and sensitivity to photoperiodic stimulation, this body weight may vary from 40 to 70% of adult body weight (Rattray, 1977) .
From controlled feeding experiments (Ragab et al, 1966; Pretorius and Marincowitz, 1968) , it has been shown that rams reared on higher planes of nutrition attained puberty (age at which sperm first appeared in the ejaculate) at younger ages (Merino: 191.4 ± 7.1 d) and at heavier body weights (28.6 ± 1.1 kg) than rams on lower levels of feeding (Merino: 2.19 ± 7.7 d and 24.7 ± 0.5 kg, respectively). Further, the low-plane rations considerably delayed descent of the testicles, penile development and first appearance of spermatozoa in the ejaculate (Pretorius and Marincowitz, 1968). As these processes are androgen-dependent, it was concluded that restricted feeding had inhibited gonadotrophic hormone release which resulted in a decrease in androgen activity (Pretorius and Marincowitz, 1968 These effects were attributable to fluctuations in nutritional conditions during rearing, with the late-summer-born lambs suffering primarily through reduced energy intake (Skinner and Rowson, 1968) (Masters and Fels, 1984) . The 60% decrease in testis size and the loss in body weight appeared to be independent of photoperiod and was mainly associated with a decline in the energy and protein content of the pasture over summer and autumn (Masters and Fels, 1984) . At this time, the nitrogen content of the pasture may be as low as 0.7 to 2.0% (Fels et al, 1959) , which is far less than that required for maximum testicular growth (Braden et al, 1974; Oldham et al, 1978) .
INFLUENCE OF NUTRITION ON REPRODUCTIVE FUNCTION IN MATURE MALES
The reproductive organs of the adult male are more resistant to dietary changes than are those of the immature animal (Leathem, 1970 (Leathem, , 1975 (Skinner, 1981 (Walker, 1967 (Russel et al, 1976; Masters and Fels, 1984) and testis size (Masters and Fels, 1984) of the diet contributed to the observed reproductive effects.
Restricted feeding of rams for 3 months, which resulted in a reduction of body fat to less than 12% of liveweight compared with 25-49% in well-fed controls, produced a decrease in testis weight, smaller seminiferous tubule diameters and lower numbers of sperm in the epididymides than in well-fed control rams (Setchell et al, 1965) . The relative reduction in testicular weight was more severe than the decline in body weight (Setchell ef al, 1965 (Ok6iski et al, 1971 ) . A complete lack of nitrogen in the diet eventually leads to death, but rams can survive nitrogen deficiency for considerable periods without there being any detrimental effects on sperm morphology or motility, though eventually ejaculate volume and the total number of sperm cells decline (Warnick et al, 1961) as the testes and seminiferous tubules degenerate (Mori, 1959) .
Sexual activity of rams can be influenced by nutrition but generally the effects are observed only after prolonged undernutrition and marked loss in body weight. Salamon (1964) claimed that sexual drive was more intense in rams fed a high protein than a low protein supplement. On the other hand, several workers have reported that rams fed sub-maintenance diets exhibited reduced sexual activity (Parker and Thwaites, 1972; Mattner and Braden, 1975; Alkass and Bryant, 1984) and it was concluded that if a diet supplied adequate energy, a high protein supplement would have no beneficial effect on sexual motivation (Mattner and Braden, 1975 (Mattner and Braden, 1975 (Davies et al, 1957) . Further, in underfed male rats (Mulinos and Pomerantz, 1941) and dogs (Pazos and Huggins, 1945) (Lindsay et al, 1984) . Similarly, a significant decrease in LH pulses was also observed in rams fed a low energy ration compared with those on a maintenance diet (Martin et al, 1989 (Campbell et al, 1977; Beal et al, 1978; Gauthier and Berbigier, 1982) suggests that the reduction in LH pulsatility observed in the slower growing underfed animals may be due primarily to a decrease in release of hypothalamic hormones that control anterior pituitary function (Campbell et al, 1977; Gauthier and Berbigier, 1982 (HoHiland, 1975) .
To elucidate the physiological mechanism(s) mediating such endocrine responses during undernutrition, Gauthier and Coulaud (1986) The increase in testis size in bulls (Nolan et al, 1990) and rams (Ritar et al, 1984; Martin et al, 1987) (Pomares et al, 1991 Martin et al (1990 (Boukhliq et al, 1991 ).
It appears that nutrition-induced increases in testicular size is associated with either an increase in the size and length of the seminiferous tubules (Oldham et al, 1978) or an increase in the number of expanded tubules (Nolan et al, 1990) . These effects presumably occur as a result of more spermatogenic cells and an increase in testicular fluid secreted by the Sertoli cells in response to FSH and testosterone (Vitale et al, 1973; Courot and Ortavant, 1981 (Tjondronegoro et al, 1990) Platt, 1960; Dickerson et al, 1964; Platt and Stewart, 1967) , which were consistent with there being a reduced storage of, but not necessarily a complete absence of, trophic hormones in this gland.
Androgens
Before the advent of routine plasma testosterone assays, the weight of the reproductive accessory glands and/or the concentrations of their secretion of fructose and citric acid (which are known to be androgen dependent) were the criteria by which androgenic activity was assessed (Mann and Lutwak-Mann, 1951; Mann and Walton, 1953) .
From studies of the fructose and citric acid content of semen obtained from young bulls (Davies et al, 1957; Mann et al, 1967; Baronos et al, 1969) , it was postulated that restricted feed intake markedly delayed the onset of testosterone production, which preceded the delay in spermatogenesis. This notion was given greater credence with the advent of testosterone assays, when Mann et al (1967) showed that the testes of undernourished young bulls contained and secreted less testosterone and had a lower testosterone/androstenedione ratio than those in normal-fed control twins. The larger amounts of androstenedione in the undernourished animals appeared to be associated with altered activity of the enzyme (17!-hydroxysteroid dehydrogenase) involved in steroid biosynthesis (Mann et al, 1967) .
Restricted feeding of mature bulls over a period of 23 weeks also resulted in marked depression of fructose and citric acid concentrations in the semen (Mann and Walton, 1953) . Because, in these animals, seminal characteristics were unaffected by the treatment, it was concluded that spermatogenesis may either proceed at a lower level of testosterone production than that required for accessory gland function, or that the testes have a greater propensity for obtaining testosterone from the blood than do the accessory glands (Mann and Walton, 1953). However, later studies have shown that testosterone is present in testicular lymph (Lindner, 1963) and rete testis fluid (Voglmayr et In adult Merino rams, in which restricted food intake for 3 months resulted in a reduction of body fat to less than 12% of liveweight (25-49% for well-fed animals), mean testosterone output was also considerably reduced (0.4 ± sem 0.2 mg/d) when compared with that (3.5 ± 0.7 mg/d) for well-fed control rams (Setchell et al, 1965) . This is in accord with the finding that reduced energy intake in rams resulted in a decrease in the fructose content of ejaculates (Moule et al, 1966) , indicating that androgenic activity was suppressed. Setchell et al (1965) reported that the reduced testis weight in the underfed animals was accompanied by a decrease in testicular blood flow, oxygen uptake and glucose uptake. These changes in particular indicate that metabolic activity of the testis is also lowered during undernutrition, though the fraction of the oxygen uptake derived from oxidation of glucose was unchanged (Setchell et al, 1965) . The lack of any effect of undernutrition on peripheral plasma testosterone levels in the mature Merino rams studied by Parr and Tilbrook (1990) was possibly due to the very short period of restricted feeding (10 d) which was effective in causing only a modest loss in body weight (5.9%), much of which may be due to loss of gut-fill of water.
As alluded to earlier, increasing the dietary energy intake in young bulls (Reeves and Johnson, 1976; Nolan et al, 1990 ) was associated with an increase in testicular size and an elevation in both plasma and testicular testosterone concentrations, without there being any significant change in mean or basal plasma LH concentrations, or in LH pulse height frequency or amplitude (Nolan et al, 1990) . Moreover, the increased energy intake also resulted in an enlargement of the Leydig cells and such growth may constitute an increase in the amount of smooth endoplasmic reticulum, thereby facilitating the observed rise in testosterone synthesis (Zirkin et al, 1980; Nolan et al, 1990) . These findings imply that, in the growing bull at least, additional nutrient intake may alter Leydig cell function directly, perhaps by affecting sensitivity to gonadotrophic stimulation. In contrast, a high protein lupin grain supplement fed to Booroola and control Merino rams for 9-15 weeks produced no significant effect on the tonic secretion of either testosterone (Ritar et al, 1984; Martin et al, 1987) or LH (Sutherland and Martin, 1980; Ritar et al, 1984; Martin et al, 1987 ). This finding is surprising in view of the fact that there was an increase in testis size in the supplemented rams. Martin loc cit concluded that the resulting enlargement of the testes did not appear to involve an increase in the responsiveness of the testis of LH. Presumably, the increase in testis size in these rams was associated with an increase in the volume of the seminiferous tubules (Oldham et al, 1978) . The (Reid, 1990) , which in general, is sufficient to meet requirements for maintenance, slow growth or early pregnancy (Lloyd Davies, 1982 (Setchell et al, 1967 (Maun et al, 1945 (Maun et al, , 1946a (Maun et al, , 1946b Samuels, 1950; Shettles, 1960) . In boars, tryptophane deficiency also resulted in testicular atrophy, marked disorganization of the testes and the absence of spermatogenesis (Shettles, 1960) , whilst increasing the amounts of lysine (Stepurin and Miruskina, 1969; Netesa and Pashkevich, 1971) or methionine (Tomme and Loskutnikov, 1972) in diets fed to boars, improved the quality and the quantity of their semen. In young bulls nearing puberty, the blood plasma content of most of the free amino acids was reduced as a result of undernutrition (Baronos et al, 1969) or feeding a purified diet containing urea as the sole source of dietary nitrogen (Oltjen et al, 1971) . In the latter case, however, the amino-acid content of the seminal plasma seemed little affected by the diet and may indicate a preferential need for the available amino acids to support fertility over growth.
It would appear therefore that young bulls are capable of synthesizing all of the essential and non-essential amino acids needed for fertility even when fed a protein-free (urea-containing) diet (Oltjen et al, 1971 (Wilson and Knobil, 1982; Gay and Plant, 1987; Ebling et al, 1989; Estienne et al, 1990; Jansen et al, 1991 an effect which was evidently mediated by these substances triggering GnRH release (Bourguignon et al, 1989; Claypool and Terasawa, 1989) .
Moreover, it has been shown that antagonists of neuroexcitatory amino acids can inhibit the release of GnRH from the hypothalamus (Bourguignon et al, 1989) and suppress LH release (Arslan et al, 1988) , while pre-treatment of monkeys with a GnRH receptor antagonist eliminated the ability of N-methyl-D, L -aspartate to stimulate LH release (Gay and Plant, 1987) .
THE EFFECTS OF PLANT OESTROGENS ON REPRODUCTIVE PERFORMANCE IN MALES
The adverse effects that grazing 'oestrogenic' pastures has on reproduction in ewes is well known (see reviews by Moule, 1961; Moule et al, 1963) . Bennetts et al (1946) claimed that the ingestion of oestrogenic pasture by flock rams did not lower their fertility. However, the findings of Moule and Mattner (1961) (Moule, 1961) (Sharpe, 1984) including inhibin and ABP. The major role of ABP is uncertain but it has been suggested that it is involved in transport of androgens within the testis and concentrates them at sites that facilitate spermatogenesis (Martin ef al, 1990) 
